Abstract: Herein we report the characterisation of a novel salt of the "legal high" (!)-4 0 -methylmethcathinone hydrogen sulfate and its polymorphism under ambient and high pressure conditions. Under ambient pressure only one polymorph of the title compound was isolated but when subjected to high pressure a further two polymorphs are observed. The phase transitions at >0.5 GPa and >3.6 GPa are reversible single crystal to single crystal transitions which is possible due to the similarity of the packing in the molecules. It is proposed that these transitions are driven by the pV term of the Gibbs Free Energy equation rather than by the relief of repulsive interactions between molecules.
Introduction
Polymorphism in molecular materials is a well-documented phenonmenon potentially causing changes in the physicochemical properties of the materials in question ½1; 2. General methods for the exploration of the polymorphic behaviour of materals under ambient pressure include solvent screens [3, 4] , heteronucleation on polymer surfaces [5, 8] , and the alteration of the temperature [9] [10] [11] that the material is exposed to. In recent years, pressure has been increasingly used to study polymorphism of molecular materials, including amino acids [12] [13] [14] [15] , energetic materials [16] [17] [18] [19] , pharmaceuticals [20, 21] , simple alcohols [22] [23] [24] , and ionic liquids [25] .
One class of compound that has not been explored in any great detail are illicit drugs [26, 27] . Due to their molecular structure, i.e. many functional groups and comformational flexibility, these materials have a significant potential for polymorphism. Like pharmaceutical products, the solid-state structure of these materials may affect the bioavailability and hence cause irreproducible doses of the active form to the body causing potential overdoses.
Recently, there has been a trend within the clubbing scene to make and distribute "legal highs" and hence there has been a striking increase in their sales [28] . These chemicals may be bought through the Internet at low cost and are sometimes pure compounds which display highly similar chemical structures to existing controlled substances within the phenethylamine class. (!)-4 0 -Methylmethcathinone [29] [30] [31] [32] [33] [34] [35] (Scheme 1) is a synthetic β-ketoamphetamine that is structurally related to cathinone, a psychoactive compound found in Catha edulis (Khat). Catha edulis is a plant native to the Horn of Africa and the Arabian Peninsula whose leaves are chewed by natives whilst in a social environment. The consumption of Catha edulis has become an issue in the U.K. prompting several government reports into the social harms and legislation surrounding this material. [36, 37] (!)-4 0 -Methylmethcathinone has recently emerged in drug seizures, as a "legal high" replacement for controlled stimulants, including methamphetamine and 3,4-Methylenedioxymethamphetamine (MDMA; Ecstasy) (Scheme 1 The aim of the present study is to characterise the novel salt, (!)-4 0 -methylmethcathinone hydrogen sulfate (4-MMC) with a view to understanding its polymorphic behaviour. In this study 4-MMC is subjected to both a ambient pressure solvent screen and compression study.
Experimental
Synthesis of (!)-4 0 -methylmethcathinone hydrogen sulfate (4-MMC)
The synthesis and full structural charaterisation of the title compound is detailed in the Supplementary Material.
Crystal Growth
5 mg (0.02 mmol) of the required 4-MMC was weighed accurately into 5 cm À3 vials before~1 cm À3 of solvent was added. The solutions were heated to 313 K and stirred until all the material was dissolved before cooling to room temperature. The vials were stored and the solvent was allowed to evaporate. The colourless crystals were analysed using a range of techniques described below. Due to solubility issues a limited range of solvents of a variety of different properties were investigated (Table S-1).
High pressure
A Merrill-Bassett diamond anvil cell was equipped with 600 µm culet diamonds attached to tungsten carbide backing discs. A 300 µm hole was drilled in a preindented 200 µm thick tunsten foil to serve as the sample chamber. A piece of ruby was placed in the chamber so that the pressure could be measured in-situ using the Ruby fluorescence technique using a ThermoScientific DXR Raman microscope using a 532 nm laser [38] . A crystal of the compound of interest was added to the sample chamber and petroleum ether was used as a pressure transmitting medium [39] . X-ray diffraction data were collected at regular intervals.
Single crystal X-ray diffraction
The X-ray intensities of all the samples were measured on a Bruker-Nonius APEX II diffractometer using MoKα radiation. This diffractometer was upgraded during this study to a Bruker-Nonius DUO system utilising a Incoatec Microsource (0.71073 Å). The data collection and processing procedures for the high-pressure samples was carried out using the those outlined in Dawson et al. [40] . Integration was performed using SAINT implementing the dynamic masking procedure described in Dawson et al. The absorption correction was applied using programs SHADE [41] and SADABS [42] .
The pressure dataset presented herein has used four separate crystals during the data collection; one at ambient pressure; one for collections at 0.5 and 1.97 GPa; one for data collections 0.88, 2.96 and 3.56 GPa; and one at 4.8 GPa. The high number of crystals for the high pressure datasets was due to overcompression during the first experiments (0.5 and 1.97 GPa) as well as to obtain a sufficiently good dataset in order to solve and refine a model for Phase III. A second crystal was loaded into the cell to bridge the pressure gaps in the first set of data. This negated any hysteresis effects that may have been present if data were collected on decompression. The orientation of this crystal gave a greater number of reflections however the number of independent reflections was reduced. Again, this crystal did not provide good enough data for structural solution. The fourth crystal was of higher quality and the structure of Phase III solved and refined against it. The number of independent reflections used in the structural refinement varied a little over the datasets and the completeness of the data remained constant at~53% which is reasonable for a high-pressure study.
Phases I and III were solved by direct methods (SIR-92 [43] ) and refined against F 2 using all data. Phase II was solved from the Phase I structure by separately grouping the methylmethcathonate cation and hydrogen sulfate anions to be rigid bodies and allowing the molecular positions to refine in CRYSTALS [44] . By this meth-od the general molecular position and orientation were found before relaxing the rigid body constraint so that the individual atomic positions could be refined. Despite the low data completeness of the high-pressure phases, all non-H atoms were refined anisotropically for Phases I and II with the alkyl hydrogens placed and allowed to ride on their parent atoms. The data:parameter ratio is +5 (with anisotropic atoms) and so it was felt that the refinement of thermal parameters was reasonable. 1,2 and 1,3 thermal similarity and vibrational restraints were used to ensure reasonable bahaviour. Due to the large number of atoms in Phase III the non-H atoms were refined isotropically. The ammonium hydrogen atoms and the hydroxyl hydrogen atoms were found on the difference map and restrained at an appropriate distance before allowing them to ride on the parent atom. Distance restraints were used in the refinements of all Phases. The distances used in the restraints were based on those calculated from the ambient pressure model. They were used in order that the molecules retained a sensible geometry given that the intramolecular bond lengths are not going to be affected by the pressures applied in this study. The crystal structure data for all datasets are found in Table 1 . All crystal structures were visualised using the programs Mercury. Other structural analyses were carried out using PLATON [45] incorporated in the crystallographic suite WIN-GX [46] . Calculation of strain tensors was carried out using the program STRAIN [47] using the method described in R. M. Hazen and L. W. Finger [48] . Eigenvalues and vectors calculated using JACOBI routine [49] . Figures were produced using either Mercury [50] or Vesta [51] with further manipulation using GIMP 2.0 [52] .
Cambridge Structural Database search
A search was conducted using two 1,4-dimethylbenzene fragments as a molecular search with no hydrogen atoms present. The Cambridge Structural Database (CSD) (version 5.34) was searched using Conquest version 1.15 [53] . Only organic, non-polymeric structures with 3D coordinates, no disorder, and no errors were searched. The centroids and planes of the phenyl rings were calculated and the distances between centroids and angle between planes retrieved with distance limits between 3.0 and 6.0 Å.
Two separate searches of the hydrogen bonding distances were conducted on a) C 2 N-H Á Á Á O¼(S) and b) SOH Á Á Á O¼(S) moieties with a contact distances defined by the sum of the van der Waals radii. Only organic, non-polymeric structures with 3D coordinates, no disorder, no errors, and with an R-factor E0.075 were searched.
Results & discussion
Phase I 4-MMC was subjected to a solvent screen under ambient conditions before investigating the high pressure behaviour. During this solvent screen it became apparent that the hydrogen sulfate does not crystallise readily and a yellow glassy solid was formed from several crystallisation experiments; the yellow colour suggesting that decomposition occurs during recrystallisation. Crystals that were harvested within a relatively short time period did not show the discolouration. DSC and hot-stage microscopy analysis shows that the melting point of the hydrogen sulfate is relatively low (377 K) (Fig. S-2.6 ).
The crystal structure reveals that the sulfuric acid (H 2 SO 4 ) has been singly deprotonated to hydrogen sulfate (HSO À 4 ) such that there is only one cation and one (Fig. 1) . In order to make more sense of the high-pressure structure it is convenient to describe the structure through a 'layer' concept whereby the separate chains link through interactions between phenyl groups to form an extended layer using an edge-to-face arrangement (Fig. 2) . There are no hydrogen bonds formed between the layers and the only contacts are between the oxygen atoms of the sulfate group and CH group of the cation. The first two contacts are between H101/H61 and O2 in a bifurcated bond with the layer above whilst there are two separate contacts between H13 Á Á Á O4 and H133 Á Á Á O3 to the layer below.
Compression of Phase I and the phase transformation to Phase II
As pressure is applied to a crystal of 4-MMC, two of the unit cell parameters actually increase (a-and c-axes) whilst the third shows very small decrease. The change in structure is smooth until the phase transformation. Between 0.5-0.9 GPa there is subtle phase transformation to a new phase, designated Phase II. The unit cell parameters (Fig. 3) , and the discontinuities along each axis, support the conclusion of a transition to a new phase; the unit cell contracts by 10.4% over the phase transition (c.f. 3.4% change from 0.88 GPa to 1.97 GPa). The new structure retains the same space group (P2 1 /c) and number of independent molecules (Z 0 ¼ 1). Full refinement details can be found in Table 1 . The three main hydrogen bonds that are used in the chains show a variation in their response to pressure. 
The hydrogen bonds lengths for NH(121) Á Á Á O2 and OH(411) Á Á Á O3 show a significant decrease over the transition whilst the NH(122) Á Á Á O1 bond shows a gradual change with pressure despite the increase in the b-axis direction (Table 2) . A significant change that has impacted on these hydrogen bonds is the rotation of the HSO À 4 units with respect to each other along the chain. The torsional angle, O2 Á Á Á O4 Á Á Á O3 Á Á Á O1 exhibits a sharp change from approximately -88.2(2)°in Phase I (0.5 GPa) to -94.5(2)°in Phase II (at 0.88 GPa) (Fig. 4) .
Compression of Phase II and the phase transformation to Phase III
The compression of Phase II is anisotropic with the c-axis showing the greatest compression (3.5%) followed by the a-axis (2.9%) and then b-axis (1.4%). The unit cell parameters were used to determine the principal directions of strain during compression. The strongest compression is along the [-0.010 0.000 0.078] direction which is perpendicular to the layers of the structure (Fig. 2) . At 0.88 GPa, these layers are separated by approximately 4.823 Å and are compressed to 4.578 Å at 3.56 GPa. The second greatest compression is observed within the layers perpendicular to the hydrogen bonds and pushes neighbouring chains together. It is not surprising that these two directions show the greatest change as the intermolecular interactions are limited to van der Waals contacts between molecules. During the compression the OH(411) Á Á Á O3 has reached its minimum by 1.97 GPa (2.575-2.533 Å) and does not varying significantly to 3.56 GPa. Conversely, the other two hydrogen bonds NH(121) Á Á Á O2 and NH (122) Á Á Á O2 compress continuously to 3.56 GPa both reducing by 2% over the pressure range.
At approximately 4.8 GPa the crystal structure undergoes a phase transition to a new phase, denoted Phase III and fortunately, this transition is another single-crystalto-single-crystal phase transformation therefore singlecrystal diffraction data could be used to elucidate the structure of the new phase; the crystal data can be found in Table 1 . The unit cell parameters of Phase II are related to those of Phase III via the matrix (-1 0 0 0 -1 1 0 1 1) .
The structure is observed to be triclinic P 1 with four molecules in the asymmetric unit. The packing of the molecules in phase III is similar to the packing in the other two phases however there is further reorientation of the HSO4 À groups with respect to one another (Fig. 4) but there are also significant changes to the molecular geometries of the cations particularly in relation to the tail group (C5-C8-C10-N12); both these changes cause a break and lowering of the symmetry (Fig. 5) . A consequence of the reduction in symmetry is that there are (12) Å) hydrogen bonds. In this structure the packing of the molecules taking precedent over lengths of hydrogen bonding which is also observed in many other systems at high pressure [22-24, 54, 55] .
Both of the phase transitions are reversible which has been observed via Raman spectroscopy. Fig. S-2.7 shows the Raman spectrum for 4-MMC at 0.5 GPa as well as a plot of the carbonyl stretch that shows the greatest change over the compression [56] . From this graph one can observe that the carbonyl stretch for the final decompressed sample returns to a value close to the ambient pressure form indicating that the phase transformations were reversible.
Comparison with the Cambridge Structural Database
The hydrogen bonding in all these phases is observed to be well within the limits of the data mined from the CSD [53] . Figure 6 shows the distribution of both types of hydrogen bond present within the structures of 4-MMC and where the ambient pressure phases lie within them. At the phase boundary between Phases I and II, the hydrogen bond distances are observed to be longer than the minimum distance in the CSD (NH Á Á Á O 2.923 & 2.818 Å cf. 2.62 Å; OH Á Á Á O 2.641 Å cf. 2.42 Å). Previous work has suggested that upon reaching a minimum distance observed in the CSD a material will undergo a phase transition in order relieve the repulsion of the interactions [14, 57] . This is not observed in this structure therefore other factors must be dictating the change in phase. A significant portion of the structure relates to phenyl group interactions which have been summarised using two parameters; their inter-centroid distances and the interplanar angle between the phenyl groups (Fig. 7) . It can be seen that our observation in Phase I is close to the limit of those observed in the CSD (4.733 Å, 64°) and over the transition this interaction shows little change (4.737 Å, 72°) except for the interplanar angle. This implies that this interaction is not particularly influential in terms of the phase transition which has been observed for similar interactions in salicylaldoxime [58] . Compression from Phase II-III shows a marked change in the interaction parameters. At 3.56 GPa (Phase II) the interaction has moved close to the limit observed in the CSD. Further Phase II-III) which leads to the conclusion that the reduction in volume is the driving force for the phase transitions rather than relieving repulsive interactions (Fig. 8 ) [58] . In fact, if the Phase I is extrapolated to 0.88 GPa and Phase II is extrapolated to 4.8 GPa, the pV term in Gibbs Free energy calculation equates to approximately 18 kJmol À1 and 43 kJmol À1 , respectively. In both these transitions these energy differences are substantial and will play a significant role determining the phase stability with pressure with the caveat that there are many other forces at play. One reason for the large changes in volume is the reduction in the voids present within the crystal. The compression of voids is a significant observation of organic materials at high pressure and can account for the large reduction in the volume [14, 15, 59] . Figure 9 shows the reduction of the number and size of the voids present in each of the phases. Between Phase I (0.5 GPa) and Phase II there is a reduction of the void space by 64% (94 Å 3 to 35 Å 3 ) whilst a more modest reduction of 18% from Phase II to Phase III (17 Å 3 to 14 Å 3 ).
As a proportion of the total reduction in volume these changes represent 42% and 7% for I-II and IIIII phase transitions, respectively.
Conclusions
In this study we have shown that (!)-4 0 -methylmethcathinone hydrogen sulfate undergoes two phase transformations at high pressure (0.88 GPa and 4.8 GPa) whilst ambient pressure solvent screens have only highlighted one polymorph. Both of these phase transformations are single crystal-to-single crystal and are reversible on release of pressure. This observation is not desirable in the context of identifying possible polymorphs of illicit materials that may be observed under ambient conditions however this study does reinforce the concept that the reduction of void space and hence the pV term in the free energy calcualtion can be hugely influencial in phase transformations in a crystal structure.
